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Abstract: In the current context of the climate crisis, it is essential to design buildings that can cope
with climate dynamics throughout their life cycle. It will ensure the development of sustainable and
resilient building stock. Thus, this study’s primary objective has been to demonstrate that the current
climatic zones for buildings in peninsular Spain do not represent the current climatic reality and are
not adapted to climate change and the impact on the energy demand of buildings. For this reason,
the climatic zones of 7967 peninsular cities have been updated and adapted to the RCP 4.5 and RCP
8.5 scenarios by using the data measured in 77 meteorological reference stations. The results obtained
have shown that in more than 80% of the cities, buildings are designed and constructed according
to an obsolete climatic classification that does not take into account the current or future climatic
reality, which will significantly affect the thermal performance of a building and highlights the need
to review the climatic zoning in the country. The results obtained can be extrapolated to other regions.
The methodology defined in this work can be used as a reference, thus making an essential scientific
contribution in reflecting on current capacities and the possibilities of improving the building stock.
Keywords: climate zone; climate change; building; energy demand; building resilience
1. Introduction
According to the fifth assessment report of the Intergovernmental Panel on Climate
Change (IPCC), compared to values from 1850 to 1900, the global land surface temperature
increased by 0.85 ◦C between 1880–2012 and 0.78 ◦C between 2003–2012 [1]. Projections
of future climate conditions [1], predict an increase in global average temperature by the
year 2100 in the range 1.4 to 5.8 ◦C [2], revealing an increasing disparity between historical
climate patterns and current and future climate conditions resulting from anthropogenic
changes [3].
This report also presents a set of four possible scenarios of climate change, called
Representative Concentration Pathways (RCPs) [4]. These scenarios are characterized
by the approximate calculation that gives the Radiative Forcing (RF) in the year 2100,
with respect to the year 1750, taking into consideration different trajectories for emissions
of long-lived greenhouse gases (LLGHGs) and short-lived air pollutants, the corresponding
concentration levels and land use [3]. In the following, a description is given of the two
scenarios within which the present study is realized. These scenarios were selected due to
their wide application in other studies related to climate change, building EC, and climate
zones for buildings [4].
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RCP 4.5. An intermediate stabilization pathway in which RF is stabilized at approxi-
mately 4.5 W/m2 after 2100. It will be necessary to limit emissions through increased use of
electricity, lower-emission energies, CO2 capture technologies, and geological storage. The
area of forests is also expected to increase for this scenario, compared to the current state.
Furthermore, CO2 emissions from energy and industrial sources are expected to increase
until 2040 and then decrease to the prescribed atmospheric CO2 concentration of 538 ppm
in 2100. At the same time, by 2081–2100, the global mean surface temperature will increase
by 1.8 ◦C (likely range 1.1 to 2.6 ◦C) compared to the 1986–2005 climate period [5,6].
RCP 8.5. During the 21st century, RF will grow steadily and reach 8.5 W/m2 in 2100.
Very high GHG emissions characterize the scenario. RCP 8.5 combines the assumptions of
a steady increase in the global population, a moderate rate of technological change, and
energy intensity improvements. In the long term, this leads to high energy demand and
GHG emissions in the absence of a climate change policy. The prescribed CO2 concentration
is 936 ppm in 2100. At the same time, by 2081–2100, the global mean surface temperature
will increase by 3.7 ◦C (likely range 2.6 to 4.8 ◦C) compared to 1986–2005 [7,8].
Consequently, in the future, the temperature increase will determine the setting of
new energy budgets; indeed, climate change is transforming buildings and cities’ en-
ergy performance [8,9]. Thus, numerous studies show that it is essential to take climate
dynamism into account in the building design phase; otherwise, the estimated energy
demand (ED) could triple [9–12]. For example, Christenson et al. 2006 [13], showed how
global warming’s impact increases the cooling energy demand of buildings. In the study
by de Rosa et al. 2014 [14], a simplified building dynamic model, based on the electrical
analogy, was developed and implemented in a Matlab/Simulink environment in order to
perform several analyses on heating (H) and cooling (C) energy demand in a wide range
of climatic conditions. Verichev et al. 2020 [6] showed the effects of climate change on
variations in climatic zones and heating energy consumption of residential buildings in
southern Chile under different climate change scenarios. Thus, in the general context of
global warming, in cold regions, the intensity of energy consumption reduction will be
greater than the intensity of increase in cooling energy consumption [15,16]. Similarly,
numerous studies conclude that in regions with a warm climate, the heating energy con-
sumption (EC) of buildings will decrease. At the same time, the cooling EC will increase in
conjunction with an increase in days of indoor thermal discomfort [17–25].
Currently, there are not many studies to assess the evolution of climatic zones for
buildings. For example, in the study of Zhai and Helman 2019, the authors use data from
23 climate models, but the evolution of building climates is analyzed in only seven cities in
the United States [26]. In China, the evolution of ASHRAE building climatic zones was
analyzed based on data from 5 climate models for the RCP 4.5 scenario [27]. In the case
of the analysis of the climatic zones of ASHRAE, it is quite convenient to use the data of
climatic models on the daily maximum and minimum temperatures for future periods
without additional modifications. On the other hand, some studies use the morphing
methodologies described in the study of Belcher et al. 2005 [28]. For example, in the
study of the dynamics of climatic zones for construction in Chile [6]; in study of risk
of overheating increases of residential buildings in Sweden [29]; evaluation of life cycle
impacts of buildings, integrating climate change effect and evolution of the energy mix in
the long term in France [30].
At the same time, to assess thermal comfort or to simulate building energy consump-
tion in future climatic conditions, it is necessary to use more complex methodologies for
morphing meteorological data, taking into account changes in the intraday variability of
meteorological parameters [31,32]. Additionally, in some studies, special tools are used to
generate meteorological files for future periods, such as OZClim [33] or CCWorldWeather-
Gen [34].
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In order to mitigate and adapt to these climate effects, the European Commission
presented Directive (EU) 2018/844 [35] of the European Parliament and the Council of
30 May 2018 on energy efficiency, which, together with the European Green Deal [36],
will adopt a new and more ambitious EU strategy on adaptation to climate change. In this
context, many countries have developed regulations based on climate zone classification,
a beneficial method to design buildings with lower energy consumption [37–39], and high
thermal comfort [40]. This method is based on analyzing large amounts of meteorological,
environmental, and social data to contribute to the search for climate models that absorb
all of the above [41]. The number of climate zones depends on each country, the thresholds
set, and the methodology used. For example, Spain, in the Technical Building Code
(CTE in Spanish) [42], establishes 15 climate zones (α3, A2, A3, A4, B2, B3, B4, C1, C2,
C3, C4, D1, D2, D3, E1) identified by a letter corresponding to the climatic severity in
winter (α, A, B, C, D, and E) and a number (1, 2, 3, and 4) corresponding to the summer
values. Portugal establishes nine climate zones (I1-V1, I1-V2, I1-V3, I2-V1, I2-V2, I2-V3,
I3-V1, I3-V2, I3-V3) from the different combinations of winter letters (V1, V2, and V3)
and summer letters (I1, I2, and I3) [43]; France establishes eight zones (H1a, H1b, H1c,
H2a, H2b, H2c, H2d, H3), taking into account winter temperatures (H1, H2, and H3)
and summer temperatures (a, b, c, and d) [44]. In any case, the climatic zonings used in
different countries are based on the climatic series existing at the time of their formulation,
and therefore do not allow the design of building parks capable of adapting to climatic
dynamism [45].
Consequently, it is essential to design and construct buildings capable of assuming the
climatic dynamics throughout their life cycle. Knowledge of the climatic reality will guar-
antee the development of a building stock that is certainly sustainable and resilient. For this
reason, the main objective of this work has been to analyze the dynamics of changes in cli-
mate zones and their effect on the energy demand of buildings. Spain has been selected as
the study area due to its climatic variety, which will allow the applied methodology, results,
and conclusions obtained to be used as a reference in other regions. Furthermore, in this
country, there is low investment in sustainable building, with the construction sector being
one of its primary energy consumers, which translates into one of the highest consumption
rates per Gross Domestic Product (GDP) in the European Union [46], highlighting the
urgent need to take measures to solve this problem.
2. Materials and Methods
An update of the CTE climate zones [42] of 7967 localities of peninsular Spain has been
carried out, under two of the four scenarios called Representative Concentration Pathways
(RCPs) (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5), specifically RCP 4.5 and RCP 8.5 scenarios,
to achieve the objective of this study. These scenarios are characterized by their approximate
calculation of the total RF in the year 2100, relative to 1750 [6]. Each scenario describes
a different trajectory for long-lived greenhouse gas emissions (LLGHGs) and short-lived
air pollutants, the corresponding concentration levels, land use, and radiative forcing [5].
Besides, to know the effect of this dynamic of changes in buildings’ energy consumption,
a typical dwelling has been taken as a reference, and the evolution of its energy demand
has been analyzed. The description of the bases for the definition of CTE climate zones and
the methodology applied for this purpose is described below.
2.1. Basis for the Definition of CTE Climate Zones
In Spain, the CTE and its Basic Document on Energy Saving (DB-HE) [42] establishes a
methodology that allows the definition of climatic zones for buildings. This methodology is
based on the concept of climatic severity index (CSI), a unique number on a dimensionless
scale that is specific for each geographical location [47] and that allows differentiating
between climatic severity index for summer (SCS) and winter (WCS).
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The WCS and SCS indices are obtained by applying Equations (1) and (2) [42], respec-
tively, where HDD20oct–may is the sum of winter degree-days in 20 ◦C bases for the months
ranging from October to May, calculated through the hourly method; CDD20jun–sep is the
sum of summer degree-days in 20 ◦C bases for the months ranging from June to Septem-
ber, calculated through the hourly method; a, b, c, d, and e are the regression coefficients
whose values are a = 3.546 × 10−4, b = −4.043 × 10−1, c = 8.394 × 10−8, d = −7.325 × 10−2,
e = −1.137 × 10−1, in the case of WCS, and a = 2.990 × 10−3, b = −1.1597 × 10−7,
c = −1.713 × 10−1, in the case of SCS; n is the sum of sunshine duration hours in the period
from October to May; and N is the sum of the maximum possible of sunshine duration
hours for the months from October to May.
WCS = a·HDD20oct–may + b·
n
N





SCS = a·CDD20jun–sep + b·CDD20jun–sep2 + c (2)
Each of the six winter climate zones defined in the DB-HE is assigned a letter (α, A, B,
C, D, and E) corresponding to the WCS interval indicated in Table 1, with the climate zone
α having the warmest winter and E the coldest [16]. By the four summer climate zones
defined in the DB-HE and identified with a number (1, 2, 3, and 4), these are determined
according to the SCS. Besides, it corresponds to the interval indicated in Table 1, being
one the climate zone with the least warm summer and four the warmest [42]. Finally,
the combination of letter and number given in Table 1 is the one that generates the building
climate zone code for any city or geographical location. According to the provisions of
the DB-HE document of CTE in peninsular Spain, there are 12 possible combinations and,
as a result, climate zones (A3, A4, B3, B4, C1, C2, C3, C4, D1, D2, D3, and E1).
Table 1. Intervals for climate zoning.
Intervals for Winter Zoning
α A B C D E
WCS ≤ 0 0 < WCS ≤0.23
0.23 < WCS
≤ 0.5
0.5 < WCS ≤
0.93
0.93 < WCS
≤ 1.51 WCS > 1.51
Intervals for Summer Zoning
1 2 3 4
SCS ≤ 0.5 0.5 < SCS ≤0.83
0.83 < SCS ≤
1.38 SCS > 1.38
2.2. Methodology
The methodology used to achieve the objectives of this work consists of four phases,
which are described in the following sections:
(i) Determination of climate severity indices.
(ii) Determination of the dynamics of changes in climate severity indices.
(iii) Proposal for updating climate zones for peninsular Spain.
(iv) Evaluation of the dynamics of changes in energy demand in housing.
2.2.1. Determination of Climate Severity Indices
From among the almost 800 weather stations located by the State Meteorological
Agency (AEMET) in peninsular Spain [48], whose data can be provided for research, a total
of 77 were selected (Figure 1 and Table 2). Considering their proximity to urban centers and
a homogeneous distribution based on these centers’ population, they were also sought with
a minimum measurement period of 3 years, between 2015–2018, and which had hourly
temperature measurement data available. As for the data relating to sunshine duration
hours, 55 of them were able to provide them; in the case of the remaining 22 stations,
the data from the geographically closest station that had them was used.
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Table 2. Calculated indices of winter (WCS) and summer (SCS) climate severity for the period 2015–2018.
WS Latitude Longitude Altitude WCS SCS WS Latitude Longitude Altitude WCS SCS
1 39.00556 −1.8622 2 676 0.9 1.64 0 40.45167 −3.724167 664 0.96 1.76
2 38.95417 −1.856389 702 0.92 1.53 41 40.69611 −3.765000 1004 1.11 1.19
3 38.37250 −0.494167 22 0.14 1.74 42 36.71667 −4.419722 25 −0.01 1.52
4 38.28278 −0.570 33 43 0.23 1.82 3 36.71500 −4.286111 7 −0.06 1.91
5 36.84691 −2.3569 9 21 0.20 1.75 4 36.71778 −4.481667 54 0.04 1.90
6 40.65917 −4.680000 1130 1.44 0.88 45 38.91583 −6.385556 228 0.57 1.98
7 40.82889 −4.741944 920 1.36 1.04 46 38.12806 −1.305833 150 0.17 2.05
8 38.88750 −7.008056 175 0.56 2.08 47 37.95778 −1.228611 7 0.21 2.15
9 38.88333 −6.813889 185 0.49 2.08 48 42.32528 −7.859722 442 0.84 1.11
10 41.41833 2.124167 408 0.61 0.92 49 43.35333 −5.874167 336 0.90 0.12
11 41.37500 2.173889 5 0.23 1.48 0 4 .27500 −5.819167 170 0.86 0.29
12 43.29806 −2.906389 42 0.7 0.43 1 42.00944 −4.560556 736 1.41 0.93
13 42.35694 −3.620278 891 1.61 0.57 52 41.99556 −4.602778 874 1.54 0.71
14 39.47139 −6.338889 10 0.62 2.04 53 42.77750 −1.649722 459 1.02 0.75
15 36.49972 −6.257778 2 −0.02 .38 54 42.43833 −8.615833 108 0.69 0.43
16 36.46556 −6.205556 28 0.00 1.380 55 40.95750 −5.662222 775 1.15 1.12
17 40.22722 −0.169722 10 0.67 1.24 56 40.90361 −5.779722 817 1.45 1.00
18 39.95722 −0.071944 43 0.22 1.70 57 43. 0639 −2.041111 251 0.82 0.09
19 38.98917 −3.920278 628 0.80 2.16 58 43.49111 −3.800556 52 0.57 0.04
20 37.84889 −4.846667 90 0.37 2.52 59 43.42861 −3.831389 3 0.65 0.30
21 37.81028 −4.462222 275 0.41 2.42 60 42.87611 −8.555833 240 0.83 0.37
22 40.06722 −2.131944 948 1.13 1.38 61 42.88806 −8.410556 370 0.97 0.32
23 41.97222 2.819444 76 0.69 1.45 62 40.94528 −4.126389 1005 1.28 1.04
24 37.18972 −3.789444 567 0.61 2.10 63 37.41667 −5.879167 34 0.16 2.420
25 37.13722 −3.631389 687 0.64 1.79 64 41.77500 −2.483056 1082 1.54 0.710
26 37.18972 −3.595556 775 0.60 1.89 65 41.99583 −2.494167 1260 1.87 0.360
27 40.63028 −3.150000 721 0.95 1.69 66 41.12389 1.249167 55 0.35 1.440
28 37.27833 −6.911667 19 0.17 1.74 67 41.14500 1.163611 71 0.44 1.270
29 42.13889 −0.395000 463 0.97 1.40 68 40.35056 −1.124167 900 1.28 1.090
30 42.08444 −0.325556 546 1.03 1.26 69 39.88472 −4.045278 515 0.74 2.200
31 37.77750 −3.808889 580 0.42 2.33 70 39.47972 −0.337500 6 0.22 1.430
32 43.36583 −8.421389 58 0.55 0.04 71 39.48500 −0.474722 56 0.34 1.650
33 43.30694 −8.371944 98 0.76 0.12 72 41.64083 −4.754444 735 1.27 1.120
34 42.58833 −5.651111 912 1.55 0.33 73 41.71194 −4.855556 846 1.51 0.760
35 41.62611 0.598056 185 0.89 1.63 74 42.87194 −2.732778 513 1.32 0.460
36 41.61694 0.866667 252 0.95 1.39 75 41.51556 −5.735278 656 1.18 1.260
37 42.45222 −2.331111 353 1.01 0.92 76 41.63333 −0.882222 258 0.34 1.580
38 42.99833 −7.552500 442 1.18 0.38 77 41.66056 −1.004167 249 0.72 1.550
39 43.11139 −7.457500 445 1.25 0.25
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At each of these stations, the WCS and SCS indices were calculated using as a basis
for calculation Equations (1) and (2) of the CTE [42] described in the previous section.
In the case of Equation (1), the values of N, for each geographical location of stations,
were calculated with the application “NOAA solar calculations year” [49] by the NOAA
Earth System Research Laboratory (ESRL) Global Monitoring Division.
2.2.2. Determining the Dynamics of Changes in Climate Severity Indices
The calculation of the changes for the WCS and SCS indices of each of the stations
was carried out using the Climate Change Adaptation Platform (AdapteCCa) [50] which
contains the results of daily minimum and maximum temperature projections for the RCP
4.5 and RCP 8.5 scenarios from a total of 16 climatological models.
Based on the projection data and current hourly temperature measurement data from
AEMET, for each of the 77 meteorological stations, firstly, the difference values (or deltas)
of the monthly average temperature between the baseline climate period (2018) and the
two future periods (2055 and 2085) were calculated. Then, the hourly data from the
AEMET stations were modified based on the monthly temperature deltas obtained. The
modification of hourly temperature data has been carried out according to methodologies
already presented in other scientific works [28,51,52], based on which it is possible to apply
the “a shift” algorithm to modify baseline climate data, to modify hourly baseline climate
temperature values by adding the projected monthly average difference for future years.
For this purpose, Equations (3) and (4) [42] have been used to calculate HDD and CDD,
respectively, in the future; where HDDd,Y and CDDd,Y—are daily values of HDD and CDD
in the future; Ti,2018—temperature of measurements in i-hour of the day in the year 2018;
∆TjY−2018—delta of monthly temperatures in j-month between years in future (Y = 2055

























Based on the modified HDD and CDD results for the future, the WCS (Equation (1))
and SCS (Equation (2)) values for 2055 and 2085 were recalculated to account only for
temperature changes without estimating changes in sunshine duration hours for the WCS
index. This simplification was possible because the temperature in the climate models for
the future already takes into account changes in atmospheric radiative conditions.
Finally, the WCS and SCS indices were calculated, and the dynamics of changes in the
climate zones were obtained; for this purpose, the procedure followed for the calculation
of the climate zone adaptation in the previous section was similar.
2.2.3. Proposed Update of Climate Zones for Peninsular Spain
The climatic zone classification for the 7967 Spanish municipalities of our research
is based on determining their WCS and SCS indices.
Firstly, the computation of the WCS and SCS indices at the 77 weather stations as
described above is carried out. It can be done by applying the formulae given because the
values of temperature and sunshine duration hours required in the corresponding equations
are available for those locations. These values are not available for the 7967 municipalities,
and, as a consequence, their WCS and SCS indices cannot be calculated as done for the
77 weather stations. Their determination is then obtained by approximation, using an
interpolation method based on radial basis functions (RBF).
For a given set of data (measurements and locations at which these measurements
were obtained), the approximation procedure tries to determine a function (“approximat-
ing function”) that is a good fit for the given data. In the approximation process using
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interpolation, this good fit is achieved by imposing that the approximating function’s
outputs exactly match the given measurements at the corresponding locations. Besides,
information on the studied problem can also be deduced at locations different from where
the measurements were obtained [53].
Approximation, and in particular interpolation employing RBF, has found significant
applications in science, engineering, economics, biology, and medicine, among others.
In our case, the determination of the WCS and SCS indices at the 7967 municipalities from
the WCS and SCS indices calculated at the 77 weather stations was obtained by using an
approximant expressed as a finite linear combination of a particular radial basis function
and its translations (it is important to emphasize that the selected 77 weather stations are
well distributed throughout peninsular Spain). To make this approximation, the inverse
multiquadric function is given by the expression φ(r) = 1√
1+(εr)2
, r ≥ 0, was chosen as the
basis function, but there are other possibilities. A wide range of radial basis functions can
be found in the literature [54]. The parameter ε ≥ 0 that appears in the above expression is
a shape parameter.
Let us illustrate the determination of the climatic severity indices more precisely.
For the case of the WCS index, an interpolant function s (x, y, z) given by the expression:




aiφ(‖ (x, y, z)− (xi, yi, zi) ‖)
is considered, where (xi, yi, zi) ∈ R3, i = 1, . . . , 77, represent the latitude, longitude, and
altitude coordinates at each of the 77 weather stations, ‖.‖ is the Euclidean norm on R3,
φ: [0, ∞)→ R is the basis function, and ai, i = 1, . . . , 77, constitutes a set of real coefficients
to be determined.
These coefficients are obtained by imposing that the output provided by the inter-
polant function s at each of the weather stations is the corresponding WCS index, which
is known. Once the coefficients are calculated, the interpolant function s is therefore
determined. The evaluation of s at any value (x, y, z) ∈ R3 corresponding to the lati-
tude, longitude, and altitude coordinates at any peninsular Spanish location provides the
searched approximation for the unknown WCS index at that location. The SCS case would
be analogous.
This is the procedure followed for the 2015–2018 period. The corresponding one for
the years 2055 and 2085 is utterly similar except that, for the starting stage, the WCS and
SCS indices at the 77 weather stations, both for the RCP 4.5 and RCP 8.5 contexts, need to
be recalculated, as described in Section 2.2.2.
Once the WCS and SCS indices are obtained at each of the 7967 municipalities, they
can be classified inside the corresponding climatic zone. Remarkably, the main advantage
of the interpolation method previously exhibited is that it provides a continuous function
to compute the climatic severity indices at any location. Consequently, it could make
possible a numerical climatic classification at any municipality instead of the more rigid
one described by zones.
2.2.4. Assessment of the Dynamics of Changes in Energy Demand in Dwellings
Once the WCS and SCS indices have been calculated for the periods 2015–2018, 2055,
and 2085, an analysis of the dynamics of changes in energy demand is carried out for the
RCP 4.5 and RCP 8.5 scenarios in the 77 locations of the meteorological stations selected for
the study. The city of Madrid has been taken as a geographical reference point, to which,
according to the CTE, the values WCS = 1.0 and SCS = 1.0 [42] correspond; consequently,
by multiplying the value of the energy demand of a dwelling located in Madrid by the
value of the WCS (or SCS) index of any geographical location, it is possible to estimate the
demand of that dwelling in that place.
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For this analysis, an existing typical building of a six-storey multi-family block of
flats, used in the work of López–Ochoa et al. 2017 [55] was considered. The block consists
of a ground floor and five storeys. Its base measures 22 by 22 m, which is equivalent to
an area of 484 m2. The height of each floor is 3 m. The main facade faces north. Each of
the five floors has 4 types of flats: Apartment A has 3 bedrooms and a size of 100.05 m2;
Apartment B has 3 bedrooms and a size of 101.93 m; Apartment C has 4 bedrooms and a
size of 137.64 m2; and Apartment D has 3 bedrooms and a size of 103.69 m2.
The building’s thermal transmittances are similar to the limit values set in CTE-DB-
HE1 2009, fulfilling the requirements of CTE-DB-HE 2009 [56]. The heating and cooling
energy demands are assessed using the official HULC tool [39]. In addition to determine
these demands, this tool is used to verify compliance with the requirements of CTE-DB-HE1
2013. The energy demand for heating this house in Madrid is 42.74 kWh/m2 year and for
cooling is 14.09 kWh/m2 year [55].
3. Results and Discussion
After applying the previous section’s methodological steps, the results shown in
Figures 2–7 and Tables 3–5 were obtained, which are analyzed and discussed below.
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Figure 7. Dynamics of changes in the average of heating and cooling energy demand for the RCP 4.5
and RCP 8.5 scenarios by 77 stations.
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Table 3. Dynamics of changes in climate zones according to scenarios.
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Table 4. Percentage of climate zones in different scenarios.
Climatic Zone
Present RCP 4.5 RCP 8.5
CTE 2015–2018 2055 2085 2055 2085
Winter Climatic Zone
α 0.00% 0.02% 0.15% 0.25% 0.41% 0.70%
A 0.74% 2.85% 12.89% 15.97% 16.62% 42.95%
B 5.47% 8.39% 29.21% 28.28% 53.39% 51.54%
C 20.05% 37.18% 43.54% 43.03% 28.28% 4.63%
D 44.90% 49.13% 11.60% 9.84% 1.27% 0.16%
E 28.76% 2.41% 2.59% 2.60% 0.01% 0.00%
Summer Climatic Zone
1 40.05% 8.65% 1.41% 2.11% 0.99% 0.38%
2 22.80% 23.79% 10.53% 11.83% 8.11% 0.44%
3 28.58% 38.21% 38.54% 36.45% 41.02% 13.83%
4 8.55% 29.35% 49.51% 49.60% 49.84% 85.31%
Climatic Zone (Winter + Summer)
α3 0.00% 0.01% 0.00% 0.00% 0.00% 0.00%
α4 0.00% 0.01% 0.15% 0.25% 0.41% 0.70%
A1 0.00% 0.00% 0.19% 0.23% 0.11% 0.18%
A2 0.00% 0.00% 0.04% 0.08% 0.01% 0.13%
A3 0.40% 0.13% 0.03% 0.14% 0.92% 2.82%
A4 0.34% 2.72% 12.64% 15.53% 15.54% 39.74%
B1 0.00% 0.19% 0.58% 1.04% 0.33% 0.04%
B2 0.00% 0.03% 3.00% 3.09% 5.35% 0.21%
B3 3.08% 0.65% 4.04% 4.31% 22.38% 9.62%
B4 2.40% 7.52% 21.57% 19.82% 25.26% 41.63%
C1 2.87% 5.57% 0.62% 0.77% 0.41% 0.11%
C2 3.21% 3.80% 4.10% 4.86% 2.45% 0.10%
C3 8.15% 13.93% 23.80% 23.89% 16.88% 1.37%
C4 5.81% 13.85% 14.90% 13.41% 8.50% 3.05%
D1 8.21% 2.42% 0.03% 0.08% 0.13% 0.05%
D2 19.58% 17.81% 3.26% 3.68% 0.30% 0.00%
D3 16.96% 23.49% 8.06% 5.51% 0.80% 0.03%
D4 0.00% 5.26% 0.25% 0.58% 0.04% 0.09%
E1 28.76% 0.39% 0.00% 0.00% 0.01% 0.00%
E2 0.00% 2.01% 0.05% 0.04% 0.00% 0.00%
E3 0.00% 0.01% 2.54% 2.55% 0.00% 0.00%
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3.1. Determination of Climate Severity Indices
Figure 2 shows the values of the new climatic severities at the location of the 77 mete-
orological stations, according to the CTE calculation methodology, and taking into account
the climatic conditions of the period 2015–2018.
It is observed that the WCS index values range between−0.06 and 1.87, determined for
the coastal province of Malaga (station #43) and Soria (station #65), respectively. The three
negative WCS values recorded, one case with a value of 0, or positive but shallow values,
below 0.4, have occurred in regions with mild winters; this is the case of the station above
#43, located in Málaga, #15 and #42, located in Cádiz and Málaga respectively, or stations
#4 (Alicante), #11 (Barcelona), #16 (Cádiz), #18 (Castellón), #28 (Huelva), #44 (Málaga),
#66 (Tarragona), and #70 (Valencia), among others, all of the coastal areas in the south of
the peninsula or the Mediterranean area. In these cases, a good design of the building’s
constructive solutions will allow the indoor comfort temperature to be reached without
implementing active heating systems. On the contrary, the higher the WSC value, the
lower the winter temperatures in these regions, which leads to higher heating energy
demands. This is the case of stations #6 and #7 located in Avila, #13 in Burgos, #52 in
Palencia, #56 in Zamora, and #64 and #65 in Soria, all of them with WSC values higher than
1.35 and located in the north of the peninsula, in provinces with shallow temperatures.
In the case of the SCS, values reaching the minimum in the coastal province of La
Coruña (station #32), with 0.04, and the maximum in the inland province of Cordoba
(station #20), with 2.52, are observed. The lowest SCS values occur in regions with cool
summer temperatures; this is the case of stations #32, #33, #60, and #61 located in La Coruña,
#34 in León, #49 and #50 in Asturias, #57 in Guipúzcoa, #58 and #59 in Cantabria, among
others, all of them in the north of the peninsula and with SCS values below 0.4. In these
regions, with a good design of the building’s constructive solutions, the indoor comfort
temperature can be reached without implementing active cooling systems. However, the
higher the SCS value, the higher the summer temperatures in these regions, which leads to
higher cooling energy demands. It is the case of stations located in the peninsula’s interior,
with SCS values higher than 2, such as #8 and #9 in Badajoz, #14 in Cáceres, #19 Ciudad
Real, or #20 and #21 in Córdoba, among others.
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The stations located in the inland provinces of Madrid (#40, #41), Salamanca (#55, #56),
or Segovia (#62) stand out, with WCS and SCS values higher than 1. These conditions
are found in places with a Mediterranean climate far from the sea, with long and cold
winters, with temperatures that can drop below 0 ◦C, with numerous frosts occurring at
night. In contrast, summers are pretty hot and dry, with a temperature range of 18.5 ◦C,
and temperatures often exceed 30 ◦C. In these regions, the energy demand is considerably
higher than in coastal areas, both in summer and winter, where the need for passive
strategies to reduce energy consumption is essential. Thus, building solutions with high
thermal inertia could be an effective mechanism to achieve thermal comfort [57].
Finally, comparing the climate severity values of the different station locations in an
area shows significant temperature contrasts between the urban and metropolitan regions,
for example, the case in Barcelona, where station #11, located in the city center and close to
the sea coast, resulted in climatic severities of WCS = 0.23 and SCS = 1.48, while station #10,
located outside the city center, showed significantly different values (with WCS = 0.61 and
SCS = 0.92). The same is true for the stations in Valladolid, where station #72, located in the
city center, resulted in climatic severities of WCS = 1.27 and SCS = 1.12 while station #73,
located outside the city center, showed considerably different values (with WCS = 1.51 and
SCS = 0.76). These results highlight the urban heat island effect, a phenomenon of thermal
origin that occurs in urban areas and consists of a different temperature, which tends to be
higher, especially at night, in the center of cities due to massive building [58].
3.2. Determination of the Dynamics of Changes in Climate Severity Indices
Figures 3 and 4 show the results obtained from calculating the WCS and SCS indices
for the years 2055 and 2085, under the RCP 4.5 and RCP 8.5 climate change scenarios at the
77 reference stations.
For the RCP 4.5 scenario (Figure 3), it is observed that the WCS index values for 2055
range between −0.1 and 1.3, determined for the stations located in the Mediterranean
coastal cities of Alicante, Barcelona, Cádiz, Castellón, Málaga, Murcia, and Valencia and the
inland city of Soria, respectively. Thus, the projected emissions for this scenario mean that
by mid-century, all the reference stations will be in regions with mild winters, which will
lead to a drastic drop in heating consumption. It is observed that the SCS will be increasing
in the first half of the 21st century, with values ranging between 0.3 and 2.8 for the cities
of Oviedo (station #49) and Cordoba (station #20). It will imply a significant increase in
summer temperatures, which will drastically increase cooling consumption. However,
by the climate trends projected for this scenario, a progressive stabilization of temperatures
at all stations will be observed by 2085. Thus, by the end of the century, WCS values range
between −0.1 and 1.3; SCS values range between 0.3 and 2.9.
For the RCP 8.5 scenario (Figure 4), a more drastic change in WCS and SCS values
is observed than in the previous scenario. Thus, the WCS index values for 2055 range
from −0.1 to 1.4 and decrease until 2085, with values ranging from −0.1 to 1.1. In SCS,
a progressive increase is observed until 2055, to increase dramatically until 2085, with values
ranging between 0.2 and 3 and 0.5 and 3.7. It reflects by the end of the century and increases
in cooling energy demands and an almost total decrease in heating energy demands in
most cities of the reference seasons.
3.3. Proposed Update of Climate Zones for Peninsular Spain
Based on the climate severities calculated from the 77 meteorological stations for
2015–2018 and the RCP 4.5 and 8.5 scenarios, the climate severities for the period 2015–2018
and the years 2055 and 2085 for 7967 localities in peninsular Spain have been obtained
using approximation techniques. Based on Table 1, the climatic zones of the 7967 localities
have been identified. The results are described in Figures 5 and 6 and Tables 3 and 4 below.
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3.3.1. Climate Severities for 2015–2018 and the Periods 2055 and 2085 of the RCP 4.5 and
8.5 Scenarios for 7967 Locations in Mainland Spain
Figure 5 shows the average WCS and SCS values for 2015–2018 and 2055 and 2085
for RCP 4.5 and 8.5. Comparing the values obtained for the WCS indices with those for
the 2015–2018 range (Figure 5a) shows that, for the RCP 4.5 scenario, the average value
decreases considerably from 0.96 in 2015–2018 to 0.57 and 0.56 in 2055 and 2085, respectively.
It is because emissions in this scenario peak around 2040 and then stabilize. In the RCP
8.5 scenario, the decrease is more significant, with average values of 0.43 and 0.28 for 2055
and 2085, respectively, due to the more abrupt character of this scenario, where the most
significant changes are located to the end of the 21st century. For both scenarios, there is a
significant softening of winter temperatures [1].
For the SCS indices, the comparison with the values obtained in the 2015–2018 interval
(Figure 5b) shows that, for the RCP 4.5 scenario, the average value increases from 1.15 in
2015–2018 to 1.43 in 2055; it then stabilizes until 2085 with 1.45. In the RCP 8.5 scenario for
2055, compared to 2015–2018, a slight increase is observed with 1.43 before rising sharply
to 1.93 by 2085. The most pessimistic climate change projection will lead to more noticeable
temperature changes, with sweltering summers.
Finally, it should be noted that it is not possible to compare these indices with current
regulations since the CTE does not provide exact values, which leads to problems in the
field of energy efficiency research and adaptation to climate change in buildings in Spain.
3.3.2. Proposed Update of Climate Zones for Peninsular Spain
Once the WCS and SCS of the 7967 localities for the period 2015–2018 and the RCP 4.8 and
8.5 scenarios have been obtained, based on Table 1, the new climate zones of the 7967 localities
of peninsular Spain have been obtained. Figure 6 shows the geographical distribution of the
CTE climate zones for 2015–2018 and the RCP 4.5 and 8.5 scenarios. To analyze the variation
of the climate rating observed concerning the CTE, Table 3 shows the percentage of cities that
vary this rating, while Table 4 shows the percentage of climate zones in the CTE in the period
2015–2018 and the RCP 4.5 and 8.5 scenarios. The results obtained are discussed below.
Proposed Update of Climate Zones for Peninsular Spain for the Period 2015–2018
Concerning the CTE in 2015–2018 (Table 3), more than 80% of the cities have already
changed their climate zone (winter + summer). Moreover, this change has meant that
the number of climate zones in the country has increased from the 12 contemplated in
the CTE to 19, with seven new zones appearing that were not previously re-categorized
(α3, α4, B1, B2, D4, E1, and E2) (Table 4). The appearance of zones α3 and α4 should be
highlighted, highlighting the trend, in areas such as the Mediterranean, towards climates
more characteristic of subtropical zones.
In the case of winter, approximately half of the cities have changed their winter climate
zone to a warmer zone compared to the CTE (Table 3), although the most significant changes
occur in the south and on the Mediterranean coast, while the climate zones in the north,
northwest, southwest, and eastern part of Andalusia remain unchanged (Figure 6a,b). The
winter climate zone D (Table 4) stands out, present in 49% of the localities, making it the
predominant one. This result shows a rise in winter temperatures in almost half of the
territory concerning what is contemplated in the current regulations. The average increase
in temperatures is causing a decrease in the energy demand for heating but implies that
the limits of parameters such as transmittance are compromised.
In summer climate zones, more drastic changes are observed, especially on the
Mediterranean coast (Figure 6a,b), due to the intense summer warming of the Mediter-
ranean inland waters in recent years [59]. Thus for 2015–2018, 72% of cities have changed
their summer CZs to warmer ones than those reported in the CTE (Table 3). Specifically,
58.7% and 12.2% of localities have changed their summer CZ to 1 and 2 warmer ratings,
respectively. Climate zones 3 and 4 are the most predominant present in 38.21% and 29.35%
of the localities (Table 4).
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Proposed Climate Zones for Peninsular Spain for the RCP 4.5 Scenario Projections
Under the RCP 4.5 scenario (Table 3) for 2055 and 2085, 98% of the cities will see their
climate zone (winter + summer) change concerning the CTE. Furthermore, Figure 6c,d
shows how the geographical distribution of climate zones for 2085 resembles the resulting
distribution for 2055. These climate zone changes are a consequence of the closeness of
absolute values of WCS and SCS to the limiting value of climate zone delimitation (Table 1)
so that a minimal change of the index can lead to a change of climate zone for a locality.
This result is a limiting factor in the zoning of the existing CTE, reinterpreting the need for
a significant improvement in the development and methodology of the current regulations
in force.
As shown in Figure 6c,d, by 2055 and 2085, half of the Mediterranean coastal localities
will fall into climate zone A4. These regions will be characterized by hotter summers and
warmer winters, while the northern coastal cities will have a greater variety of climate
zones over the century, with mild summer temperatures and colder winters. The same
occurs in the peninsula’s interior, where a heterogeneous distribution is observed due to the
complexity of the relief and the diversity of mesoclimatic and microclimatic zones. Thus,
by 2085, 23.89% and 19.82% of the localities will have a C3 and B4 climate classification,
while the coldest climate zones will disappear (Table 4).
In winter CZs (Table 3), for the periods 2055 and 2085, practically 90% of the localities
will change their climate zoning compared to that retained in the CTE. Specifically, for the
period 2055, 44.8% of the localities will change their zoning to a warmer one and 40.5% of
the localities to two warmer zones. Similarly, by 2085, 41%, 43.4%, and 4.7% of localities will
change their winter rating to 1, 2, and 3 warmer zones, respectively. Thus, the geographical
distribution of winter climate zones for 2085 resembles the resulting distribution for 2055,
where only 8% of cities will observe zone changes between these two years. The increase of
the A rating concerning the CTE (Figure 6c,d and Table 4), from 0.74% in the CTE to 12.89%
and 15.97% in 2055 and 2085, respectively, stands out. In contrast, the E rating decreases
drastically from 28.76% in the CTE to only 2.6% in 2085. These results again show that the
trend towards warmer and warmer areas will continue throughout the century.
In the summer CZ case (Table 3), for the periods 2055 and 2085, 88.6% and 87.6% of
the locations will change their climate zonation compared to the CTE. By 2055, 47.7% of
localities will change their zoning to a warmer one, and 39.4% of localities will change
their zoning to two warmer zones. Similarly, by 2085, 48.3% and 38.1% of localities will
change their summer rating to 1 and 2 warmer zones, respectively. As in the winter season,
the differences between 2055 and 2085 are not significant. Although, throughout this
scenario, there is a significant increase in rating 4 in the localities concerning the CTE
(Figure 6c,d and Table 4), from 8.55% in the CTE to 49.51% and 49.60% in 2055 and 2085,
respectively. In contrast, rating 1 decreases drastically from 40.05% in the CTE to only
2.11% in 2085. These results demonstrate the need to develop new summer zones within
rating 4, with the consequent improvement in terms of building recommendations.
Proposed Climate Zones for Peninsular Spain for the RCP 8.5 Scenario Projections
Under the RCP 8.5 scenario (Table 3) for 2055 and 2085, a drastic increase in the
change of climate zone classification (winter + summer) concerning the CTE is foreseen,
showing that 98% of the cities will be affected. Furthermore, Figure 6e,f shows that the
geographical distribution of climate zones for 2085 will undergo a significant dynamism,
with zones A4 and B4, with 39.74% and 41.63%, dominating the peninsula. These zones
are characterized by mild winters and sweltering summers, leading the peninsula to have
climates more typical of tropical regions by the end of the century.
In the winter CZs (Table 3), for the periods 2055 and 2085, 92.4% and 100% of the
locations will change their climate zoning compared to the CTE. Specifically for the period
2055, 24.4, 33.1, and 26.5% of the localities will change their qualification by one, two,
and three warmer zones, respectively. Similarly, by 2085, 10.1, 36.7, and 35.4% of localities
will change their winter rating to one, two, and three warmer zones, respectively. Through-
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out this scenario, there is a significant increase in the presence of the A and B rating in the
localities concerning the CTE (Table 4), from 0.74 and 5.47% in the CTE to 42.95 and 51.54%
in 2085, respectively, on the contrary, the C and D ratings decrease drastically, while the E
climate zone disappears entirely by 2085. These results are due to the already indicated
trend towards warmer and warmer zones.
In the summer CZ case (Table 3), for the periods 2055 and 2085, 82.7% and 91% of
the localities will change their climate zoning compared to the CTE. By 2055, 33% of
the localities will change their zoning to a warmer one, 25.5% of the localities to two
warmer zones, and 18.9% to three warmer zones. Similarly, by 2085, 31%, 26.3%, and 32.2%
of localities will change their summer rating to 1, 2, and 3 warmer zones, respectively.
In Figure 6e,f, significant differences are observed between 2055 and 2085. Throughout
this scenario, there is a significant increase in the presence of rating 4 in the localities
concerning the CTE (Table 4), from 8.55% in the CTE to 49.84% and 85.31% in 2055 and
2085, respectively, in contrast, rating 1 decreases drastically from 40.05% in the CTE to only
0.38% in 2085. These results show that more than half of the buildings designed with zone
E’s technical requirements will not comply with the regulations in less than 25 years.
3.4. Analysis of the Dynamics of Dhanges in Energy Demand for RCP 4.5 and RCP 8.5 Scenarios
In order to a analyze the effects that the observed climate dynamism will have on the
energy demand of buildings, Figure 7 shows the average results of the estimated change in
energy demand for heating and cooling, calculated based on the definition of the WCS and
SCS indices of the 77 stations, for the typical building used for 2015–2018 and the RCP 4.5
and RCP 8.5 scenarios. Besides, Table 5 shows the estimated energy demand for heating
and cooling, for four significant stations, for the building type used for 2015–2018 and the
RCP 4.5 and RCP 8.5 scenarios.
In the RCP 4.5 scenario (Figure 7), by the year 2055, the energy demand of the 77 stations
is expected to decrease by an average of 11.23 kWh/m2 year compared to 2015–2018. Specif-
ically, heating demand will decrease by an average of 16 kWh/m2 year, with the most
significant decreases observed in stations located in mountainous areas at 900 meters above
sea level; this is due to the notable effect of the continental climate, which will see its meteo-
rological conditions soften in winter due to the effects of climate change. Such is the case
of station 73, located in Valladolid, with a reduction of 32 kWh/m2 year. However, cooling
demand will increase by an average of 4.8 kWh/m2 year, compared to 2015–2018, in cities
located in the southeast, characterized by a semi-arid climate; specifically, station 5, located in
the city of Almeria with an increase in cooling energy demand by 2055 of 7.045 kWh/m2 year
compared to 2015–2018. However, due to this climate scenario’s stabilizing nature between
2055 and 2085, no significant differences are observed between the average demand values
for heating and cooling, with an average increase of only 0.8 kWh/m2 year.
Under the RCP 8.5 scenario (Figure 7), by the year 2055, heating and cooling energy
demand for all seasons are expected to decrease by an average of 10 kWh/m2 year compared
to 2015–2018. Specifically, heating demand will decrease by an average of 15.4 kWh/m2
year, highlighting station 17, located in the city of Castellón, where a high reduction value,
estimated at 30 kWh/m2 year, is foreseen. In contrast, cooling demand will increase by an
average of 5.3 kW/m2 year compared to 2015–2018. Station 76, located in Zaragoza, stands
out in particular, with an increase in cooling energy demand by 2055 of 16.7 kWh/m2 year
compared to 2015–2018. It should be noted that, unlike the RCP 4.5 scenario, under the
RCP 8.5 scenario, there are significant differences between 2055 and 2085. Thus, by 2085,
the average heating energy demand will decrease by 8.2 kWh/m2 year, while the cooling
demand will increase by 8.7 kWh/m2 year compared to 2055. This trend is localized in
cities located in the southwestern, southern and Mediterranean coastal parts of the country.
These results are explained by expanding the semi-arid climate that the south and southeast
coast will undergo under this scenario, where summers will be hotter and drier, significantly
increasing the energy demand of dwellings for cooling. This increase will also be affected by
the additional thermal effect of the Mediterranean Sea’s warming surface waters.
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4. Conclusions
In this work, the climatic zones of all the cities of peninsular Spain have been updated.
The results show that the allocation of climatic zones currently included in the CTE is not
suitable for current and future climatic conditions. Given the importance of precision in
the assignment of a climatic zone when correctly sizing domestic hot water, heating and
cooling systems, and the appropriate selection of the construction materials used, this
situation jeopardizes the achievement of truly sustainable buildings. Specifically, taking
into account the climate data recorded in the 2015–2018 period, 80% of cities today have a
different climate zone to that of the CTE; moreover, it is expected that by the year 2085 and
under the forecasts recorded in the RCP 4.5 and RCP 8.5 scenarios, practically all cities in
mainland Spain will change their climate zone to warmer ones.
This significant climate change that the region under study is already undergoing will
help reduce the heating energy demand of dwellings and increase the demand for cooling.
Therefore, architectural and construction standards must adapt to the urban environment’s
actual conditions and consider the main scenarios to lead to a building design that mitigates
climate change and adapts to them. It intensifies the need to develop new climate zones
and build recommendations to preserve future periods’ correct thermal conditions.
Finally, it should be noted that the consequences observed in peninsular Spain can be
extrapolated to other areas so that the methodology proposed in this work can be extended
to any region, making a significant scientific contribution in terms of reflection on the
current capacities and possibilities for improvement of the building stock.
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AdapteCCa Climate Change Adaptation Platform
AEMET State Meteorological Agency
C cooling energy demand
CDD cooling degree-days
CSI climatic severity index
CTE Technical Building Code
CZ climate zone
DB-HE Basic Document on Energy Saving
EC energy consumption
ED energy demand
ESRL Earth System Research Laboratory
GDP Gross Domestic Product
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H heating energy demand
HDD heating degree-days
IPCC Intergovernmental Panel on Climate Change
LLGHG long-lived greenhouse gas emissions
RBF radial basis functions
RF Radiative Forcing
RCP Representative Concentration Pathways
SCS severity index for summer
WCS severity index for winter
WS Weather station
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